The series solution of wave functions for 2-D scattering and diffraction of cylindrical SH waves induced by a symmetrical V-shaped canyon is proposed herein to account for near-source topographic effects. A line source of cylindrical waves is employed to reveal the influence of source on topographic effects. According to the region-matching method, the half-space having a symmetrical V-shaped canyon is divided into two subregions by using a circular-arc auxiliary boundary. Hence, two cylindrical coordinate systems for the two subregions are defined. In each coordinate system, the wavefield is represented by means of the separation of variables method, in terms of the series of both Bessel functions and Hankel functions with unknown complex coefficients. Two more cylindrical coordinate systems are built for the source and its image with respect to the free surface. Then both of the wavefields in the two subregions are represented in the same coordinate system by using the Graf addition theorem. The unknown coefficients of the wavefields are solved by satisfying the continuity conditions of the auxiliary boundary. By comparing our cylindrical wave results with plane wave results in the literature, we find that near-source topographic effects are different from far-field topographic effects. The ground motion at a particular site could be amplified for a near source even if it is reduced for the incidence of plane waves without real sources. To show the effect of the source on the topographic amplification of ground motions, a parametric analysis is carried out in the frequency domain. Surface and subsurface transient responses in the time domain demonstrate the phenomenon of cylindrical wave propagating and scattering. It is found that the topographic effect is a function of incident wave sources, and near-source topographic effects are strongly affected by source locations. Whether the ground motion at a particular site is amplified or not and how strong the amplification or reduction is can be altered by the source location.
I N T RO D U C T I O N
Topographic irregularities can cause scattering and diffraction of incoming seismic waves during an earthquake, and can result in amplifications and de-amplifications of ground motions. This phenomenon is usually called 'topographic effects' or 'topographic site effects'. Topographic effects have attracted much attention in the fields of seismology, earthquake engineering and civil engineering (Sanchez-Sesma et al. 2002; Gao et al. 2012; Zhang et al. 2012) . In most of the literature, however, the sources of incident waves are not considered because of the assumption of plane wave incidence. The question that arises is whether topographic effects can be affected by source characteristics. The assumption of an incident plane wave may be quite good in practice for investigating waves at a significant distance from their source. If a near source exists, however, the plane-wave assumption is no longer applicable. To investigate near-source topographic effects, non-plane wave fronts need to be taken into account.
In teleseismic studies, the influence of near-source topographies on far-field radiation is of considerable interest (e.g. Mclaughlin & Jih 1988; Imhof & Toksoz 2000) . The influence of source on site effects has been a subject of interest recently (Triantafyllidis et al. 2002; Parvez et al. 2006; Lozano et al. 2009 ). For topographic site effects specifically, there is a notable scarcity of literature dealing with the effect of near sources. Lee et al. (2009) studied the influence of source depths and rupture scenarios on large-scale topographic effects by using the spectral element method. Rodgers et al. (2010) employed the finite difference method to perform simulations of shallow explosions with focus on the mode conversion and scattering near the source, and pointed out the dependence of dynamic responses on source locations. Although there are other numerical methods for the near-source topographic scattering problem, for example, the discrete wavenumber-boundary integral equation method (Takenaka et al. 1996) , the time domain boundary element method (Janod & Coutant 2000) and the finite element method (Ma et al. 2007) , none of these studies focused on the influence of source on topographic effects.
There are many kinds of local topographies on the Earth's surface, of which the V-shaped (or triangular) canyon is an important type because some large-span structures, for example dams, are founded in canyons of this geometry (e.g. Boore 1973; Huang & Chiu 1995) . In fact, the symmetrical V-shaped canyon is one of the most studied geometries (e.g. Tsaur & Chang 2008; Tsaur et al. 2010) . However, all of the previous studies are based on the plane wave assumption. So there is an urgent need to reveal the near-source topographic effects induced by such a canyon.
In this paper, the scattering of cylindrical SH waves by a symmetrical V-shaped canyon is tackled with the wave function expansion method. This method, as an analytical treatment, is valuable not only for constructing a wave series solution to investigate the characteristics of the near-source topographic effects but also for revealing the fundamental mathematical and physical features of the solution. In addition, although numerical methods are powerful tools for the simulation of seismic wave propagation (e.g. Smith 1975; Komatitsch & Vilotte 1998) , they cannot be used blindly. Chaljub et al. (2010) pointed out that 'the numerical prediction of ground motion in general certainly cannot be considered a mature, pushbutton approach'. Therefore, the wave function series solutions to problems of near-source scattering induced by simple topographies are necessary for helping assess the reliability of numerical methods.
The incidence of cylindrical waves emanating from a line source instead of plane waves allows one to consider the near-source scattering (Sanchez-Sesma 1985; Smerzini et al. 2009; IturraranViveros et al. 2010) . Although a system of cylindrical waves emitted by multiple sources can be adopted in the present model, a single source is used here because we focus on the influence of source locations on the topographic amplification effects.
The paper is structured as follows. First, the model of a symmetrical V-shaped canyon subjected to a cylindrical SH wave emanating from a line source is built and the corresponding series solution of wave functions is derived based on the region-matching method. Second, the relationship between the near-source topographic effects and the far-field effects is revealed by comparing the results of the cylindrical wave incidence based on our method with those of the plane wave incidence in the literature. Then a parametric analysis is carried out in the frequency domain to understand the influence of the source location, the incident wave frequency and the canyon shape on the topographic effects. Third, surface and subsurface transient motions are obtained based on the frequency-domain results to deepen our understanding of the near-source topographic effects. Finally, some conclusions are drawn regarding the nearsource scattering problem.
T H E M O D E L A N D T H E O R E T I C A L F O R M U L AT I O N
The 2-D model in this study is depicted in Fig. 1 . This figure represents a symmetrical V-shaped canyon of depth d and half-width b in the half-space. The medium of the model is assumed to be elastic, isotropic and homogeneous. The shear modulus μ and shear wave velocity c of the medium are constants.
A circular-arc auxiliary boundary with the radius of a (i.e. the length of the canyon walls) is adopted to divide the entire space into two subregions denoted by 1 and 2, respectively. In the two subregions, the definitions of two Cartesian and two polar coordinate systems are accepted (see Fig. 1 ). The origins of the local Cartesian coordinate system (x, y) and polar coordinate system (r, θ ) are both placed at the bottom of the canyon. The origins of global coordinate systems (x 1 , y 1 ) and (r 1 , θ 1 ) are set at the horizontal ground level and immediately over those of local coordinate systems. The angle θ is measured from the vertical y-axis anticlockwise towards the x-axis with a positive direction to the right. The horizontal x 1 -axis is also defined as positive to the right direction. The angle θ 1 is measured anticlockwise from the vertical y 1 -axis.
The excitation of the model is a harmonic line source of cylindrical SH waves with circular frequency ω and antiplane displacement in the z-direction. The location of the source is denoted by (r 0 , θ 0 ) in the global polar coordinate system (r 1 , θ 1 ) and by (x 0 , y 0 ) in the global Cartesian coordinate system (x 1 , y 1 ). For the problem studied herein, it is convenient to apply the method of images to consider twin punctual sources in symmetrical positions with respect to the horizontal ground surface (see, e.g. Smerzini et al. 2009 ). Two polar coordinate systems (r f , θ f ) and (r f , θ f ) for the source and its image, respectively, are employed (see Fig. 1 ). The angle θ f is measured from the vertical y f -axis anticlockwise towards the x f -axis with a positive direction to the right. The angle θ f is measured from the vertical y f -axis clockwise towards the x f -axis. Note that the source should be located outside the auxiliary boundary, otherwise the free wavefield does not satisfy the traction-free boundary condition on the canyon surface.
The displacement w within subregions 1 and 2 should satisfy (see, e.g. Sanchez-Sesma 1985) :
where δ(·) is the Dirac delta function. The term exp(−iωt) has been omitted for the steady-state and antiplane motion case. Taking the equation of motion (eq. 1) into account, the displacement w (j) (the subscript j = 1, 2 denotes the subregions 1 and 2, respectively) should satisfy both the traction-free boundary condition on the canyon surface (eq. 2) and that on the horizontal ground surface (eq. 3):
where ϑ and a represent the angle measured from the positive y-axis to the canyon surface and the length of the canyon walls, respectively. There exist two regions: subregion 1 and subregion 2 in this model. The region-matching method (Yuan & Men 1992; Yuan & Liao 1994 Lee et al. 2006; Tsaur & Chang 2008 , 2009a Tsaur et al. 2010) requires the continuity of both displacement and stress fields between the two subregions:
in which, τ
In the subregion 2, the wavefield consists of two parts. One part is the free field in the half-space without the canyon. The free wavefield is formed by the sum of the incident and reflected fields and can be constructed by the method of images. A source represented by the right-hand side of eq. (1) results in the incident wavefield given by
where i = √ −1, k = ω/c is the shear wavenumber, and H
0 (·) denotes the Hankel function of the first kind with order 0. The reflected wavefield resulted from its image is
A normalization strategy similar to that of Iturraran-Viveros et al. (2010) is adopted in this study. The free field in the half-space given by eq. (8) can be obtained by normalizing the sum of eqs (6) and (7) to w inc (r 0 ). Note that w inc (r 0 ) represents the displacement at the origin of the global coordinate system due to the incident wave.
The free field w f in terms of the local polar coordinate system (r, θ) will be used later: hence coordinate shifts from both (r f , θ f ) and (r f , θ f ) to (r, θ ) are needed. First, two interior-region forms of the Graf addition formula (Abramowitz & Stegun 1972) suitable for the present model are derived and listed here:
where ε n is the Neumann factor (ε 0 = 1;ε n = 2, n ≥ 1), J n (·) is the Bessel function of the first kind with order n, H
n (·) is the Hankel function of the first kind with order n, L and L are the distance between the two coordinate systems (r, θ ) and (r f , θ f ), and that between (r, θ ) and (r f , θ f ), respectively. The distances and their corresponding angles ϕ and ϕ are shown in Fig. 1 . Then, by substituting eqs (9) and (10) into eq. (8), the interior-region free field in the local polar coordinate system is derived as:
where the expressions of p n and q n are listed here:
The other part of the wavefield in the subregion 2 is the scattered wave due to the presence of the canyon. It can be given as:
A n H
( 1) 2n (kr 1 ) cos 2nθ 1
where A n and B n are unknown complex coefficients, and the coordinate system (r , θ ) is a mirror image of (r, θ) with respect to the horizontal ground surface (see, e.g. Tsaur et al. 2010) .
To solve the problem in the same coordinate system (r, θ), one is to derive a proper exterior-region form and a proper interior-region form of Graf addition formula (Abramowitz & Stegun 1972) for eqs (14a) and (14b), respectively. They are listed below:
From eq. (15), the scattered wavefield w s can be expressed in the polar coordinate system (r, θ ) as:
in which
It is worth noting that the scattered field is constructed by two different methods (eqs 14-20) to improve the computational efficiency of the coordinate shifts. A truncation of the infinite series in eq. (15) Note that all the above-mentioned wavefields in the subregion 2 satisfy the traction-free boundary conditions on the horizontal ground surface. In other words, both eq. (8) and eq. (14) are compatible with the eq. (3). This is a natural consequence of the symmetry of twin punctual sources with respect to the horizontal ground surface for the free field and the appropriate wavefunctions for the scattered field. In addition, the wavefields constructed here satisfy the Sommerfeld radiation condition at infinity.
Next, the standing wavefield w c (r, θ) in the subregion 1 is properly constructed to satisfy both the equation of motion, that is, eq.
(1), and the traction-free boundary condition, that is, eq. (2). It can be listed as (see, e.g. Tsaur et al. 2010) :
where υ = π/2ϑ, C n and D n are the unknown complex coefficients. Hence, the wavefields of the subregions 1 and 2 in the local coordinate system are given as:
The continuity conditions of the displacement and stress fields (eqs 4 and 5) can help get the unknown coefficients. The following continuity conditions can be obtained by substituting both eqs (22) and (23) into eqs (4) and (5), respectively.
If the next two functions are defined as:
and
the continuity conditions, that is, eqs (24) and (25), will become:
respectively. To solve the unknown constants, A n, B n , C n and D n , we integrate eqs (28) and (29) over the range of [−π, π] . The following relationships are obtained by applying the orthogonal properties of cosine and sine functions (Lee & Wu 1994; Tsaur et al. 2010) .
where J n (·) is the differential form of the Bessel function, and the M m,n, j , N m,n, j and N m,n, j are shown in the Appendix. Finally, truncating the infinite series in eqs (30)- (33) to a finite number of terms, a numerical analysis can then be programmed. The summation indices n, m and j are truncated to N, M and J terms, respectively (i.e. n = 0 to N−1 for eqs 30-33, m = 0 to M−1 and j = 0 to J−1 for eqs 30 and 31, m = 1 to M and j = 1 to J for eqs 32 and 33). The unknown complex coefficients A n and C n can be obtained by solving the system of equations consisting of eqs (30) and (31). The key to getting a converged solution is that the value of M should be four or more times that of N. Thus, the system of equations here becomes overdetermined and can be solved in the least-squares sense easily. Note that the value of N should be determined by convergence tests for different shape ratios of the canyon and frequencies of incoming waves, while the value of J should satisfy the Graf addition formulae in eq. (15). Generally, for N ≤ 50 and J ≤ 1100, it is enough to obtain the convergence of the results in this study. Based on eqs (32) and (33), complex coefficients B n and D n become known using the same matrix method. Then the wavefields, eqs (22) and (23), in terms of the series form for every specified domain have been obtained.
The method proposed in this study does not need discretization for the media or that for any boundary. Furthermore, radiation conditions at infinity and traction-free boundary conditions on the surface of the half-space and canyon faces can be matched exactly. The continuity conditions can be checked at any point of the auxiliary boundary to guarantee the convergence of the series solution. As a result, the wave function expansion method proposed herein can give a high-precision solution for the cylindrical SH waves scattering problem.
It is worth noting that the proposed solution can be further validated in theory by degenerating to the case of the free field without any topographic effect. If the depth of the canyon d equals 0, we have: ϑ = π/2, υ = π/2ϑ = 1, L = L = r 0 and ϕ = ϕ. Then p n = 0 when n is an odd number and q n = 0 when n is an even number. Thus, the eqs (30)-(33) turn to
where H
(1) j (·) is the differential form of the Hankel function. From eqs (34)-(37) we derived A n = B n = 0, C n = p 2n , D n = q 2n+1 . Therefore, when d equals 0, only the free field exists in the half-space, that is, w
(1) (r, θ) = w f (r, θ) for the subregion 1 and w (2) (r, θ) = w f (r, θ) for the subregion 2.
F R E Q U E N C Y-D O M A I N R E S U LT S A N D D I S C U S S I O N S

Definitions of the parameters
The displacement w (j) , a complex function containing both the phase and the amplitude of motion, at any position in the half-space can be calculated based on the previous formulations. The modulus of the complex w (j) is called the displacement amplitude. It is defined as
where Re(·) and Im(·) are the real and imaginary parts of a complex expression, respectively. In general, the topographic amplification can be interpreted by comparing the displacement amplitude in a half-space containing topographies with that in a flat half-space without any topography (i.e. free field). Thus, the displacement amplitude in this study is normalized to the free field amplitude, that is, |w ( j) |/|w f |. It is convenient to define the dimensionless frequency
Note that λ is the wavelength of the incident cylindrical SH waves.
The relationship between near-source and far-field topographic effects
To reveal the necessity of the study of cylindrical wave scattering, we need to fully understand the relationship between near-source and far-field topographic effects. On the one hand, what is the difference between them? On the other hand, there are many research results based on the plane wave assumption in the literature regarding topographic effects (Sanchez-Sesma et al. 2002; Gao et al. 2012) , under what conditions is this assumption believed to be appropriate? Tsaur et al. (2010) have derived a wave series solution for the scattering of plane SH waves by a deep symmetrical V-shaped canyon; therefore, we can compare their solutions for specific geometries with those yielded by our method to shed light on these problems. Fig. 2(f) . Moreover, the amplitude of the amplification or reduction at a particular site can be altered by different types of incident waves, for instance, the surface displacement amplitude at the canyon bottom under horizontal incidence is about 2.3 for the plane wave case, while it is about 1.9 for the cylindrical wave case (x 1 /b = 0, Fig. 2c ). These differences indicate that it is necessary to drop the plane wave assumption and to consider the near sources in topographic effects. A complete parametric analysis regarding the near-source topographic effects is in the following section.
Next, we try to find out the particular source-to-canyon distance at which the plane wave assumption can be accepted in comparison to the 'more realistic' case of cylindrical waves. The normalized surface displacement amplitudes for cylindrical waves emitted by sources located at (x 0 /b, y 0 /b) = (0, 100), (−50, 50) and (−20, 1), respectively, agree well with those for plane waves. The dashed lines in Figs 2(a)-(c) correspond to the sources of vertical, oblique, and horizontal incident waves, respectively. For the vertical incidence (Fig. 2a) , it is found that the cylindrical wave results are in good agreement with the plane wave results when the source-to-canyon distance is greater than about 100 times the half-width b of the canyon. For the oblique and horizontal incidence (Figs 2b and c) , (f) show similar results for η = 3. In a word, plane wave results indeed can be a good approximation when the source-to-canyon distance is large enough.
Parametric analysis of the near-source topographic effects
The study of topographic effects considering a line source of cylindrical waves is more realistic than that based on the plane wave assumption. Actually, the source location plays an important role in the amplification patterns of a symmetrical V-shaped canyon. The proposed series solution of wave functions can be used to do a parametric study on the near-source amplification patterns of a symmetrical V-shaped canyon with different depth-to-half-width ratios (d/b). This section presents the frequency-domain results demonstrating how the amplification patterns are affected by the source location (x 0 /b, y 0 /b), the canyon shape (d/b) and the frequency of incident waves (η). For simplicity, the normalized displacement amplitudes along the surface of the canyon and the horizontal ground are plotted against the horizontal x 1 -axis.
To show the amplification pattern of a symmetrical V-shaped canyon subjected to incident cylindrical SH waves, normalized surface displacement amplitudes for one frequency (η = 1), three shape ratios (d/b = 0.5, 1 and 1.5) and three incident directions (vertical, oblique and horizontal) are illustrated in Fig. 3 . Fig. 3(a) corresponds to the vertical incidence case for d/b = 0.5. Three different source locations are denoted as (x 0 /b, y 0 /b) = (0, 2), (0, 4) and (0, 10), respectively. For this case, all of the maximum displacement amplitudes for the three sources occur on the horizontal ground surface near two upper tips of the canyon walls, while there is a reduction zone of displacement amplitudes in the range of the canyon (−1 < x/b < 1). Fig. 3(b) illustrates the case of oblique incidence for three source locations (x 0 /b, y 0 /b) = (−2, 2), (−4, 4) and (−10, 10). The maximum displacement amplitudes occur on the canyon wall at the illuminated (left) side due to the constructive interference, and the minimum responses take place on the canyon wall at the shaded (right) side due to the destructive interference. Fig. 3(c) shows the case of horizontal incidence for three locations of sources denoted by (x 0 /b, y 0 /b) = (−2, 0.5), (−4, 0.5) and (−10, 0.5), respectively. All of the peak motions for three sources take place on the canyon wall at the illuminated side, and the amplitude of the motion becomes greater as the source distance turns larger. A zone of obvious reduction of displacement amplitudes lies on the shaded side surface of the canyon and horizontal ground. Comparing Figs 3(d) and (g), Figs 3(e) and (h) and Figs 3(f) and (i) with Figs 3(a)-(c), respectively, one can find that when the shape ratio (d/b) of the canyon turns larger the topographic effects mentioned above become more obvious, that is, both amplifications and reductions of displacement amplitudes become stronger.
The effect of the frequency η on the topographic amplification pattern can be revealed by comparing the results in Fig. 4 with those in Fig. 3 since only the frequency η is different for the two figures. On the one hand, as the dimensionless frequency η changes from 1 to 3, the curve of normalized displacement amplitudes oscillates more frequently. On the other hand, the oscillatory amplitudes for motion patterns in Fig. 4 differ from those in Fig. 3 .
It is worth noting that, for the vertical incidence, the maximum displacement amplitudes can take place on the ground surface at some distance away from the canyon. For example, the maximum surface displacement amplitudes for the canyon with d/b = 0.5 and the source located at (x 0 /b, y 0 /b) = (0, 2) take place at x 1 /b = ±3 (Fig. 4a) (Fig. 4d ) and x 1 /b = ±2 (Fig. 4g) , respectively. The normalized displacement amplitudes at different sites on the ground surface are not constant and there are obvious oscillations for all of the curves in Figs 3 and 4 . Regarding the influence of the source distance on the amplification pattern, it can be concluded that the curve of normalized displacement amplitudes oscillates more frequently as the source becomes further from the canyon. That means there are more amplifications and reductions on the ground surface within a certain distance as the source-to-canyon distance turns larger.
The topographic effect of a symmetrical V-shaped canyon subjected to a line source of cylindrical waves is a function of the dimensionless distance x 1 /b between the observation point and the canyon, the source location (x 0 /b, y 0 /b) and the dimensionless frequency η of the incident wave. a shallow canyon is apparent: the amplification of the displacement at the illuminated side is larger than that at the shaded side in the frequency range of η = 0-1, while it is smaller than that at the shaded side in the range of η = 1-4. For the horizontal incidence case with (x 0 /b, y 0 /b) = (−10, 0.2) in Fig. 5(c) , one can identify the amplification of the displacement on the canyon wall at the illuminated side due to the constructive interference. At the shaded side, the shading or shielding effect provided by the canyon can be seen as well.
T I M E -D O M A I N R E S U LT S A N D D I S C U S S I O N S
The time-domain responses can be obtained from the frequencydomain results through the inverse Fast Fourier Transform algorithm. The incident time signal is a Ricker wavelet The synthetic seismogram in Fig. 6 contains 81 time-series received from equally spaced positions located along the surface of the canyon and half-space between x 1 /b = −4 and 4. Because the source of the cylindrical waves is located at (x 0 /b, y 0 /b) = (0, 10), the direct wave D1 reaches the canyon bottom at t = 9.5. Regarding the wave propagation on the left side horizontal ground surface (−4 ≤ x 1 /b ≤ −1), after the direct wave D1 leaves away from the horizontal ground surface two scattered waves SL1, SL2 appear one after another. The same scattering process (SR1 and SR2) takes place on the right side horizontal ground surface (1 ≤ x 1 /b ≤ 4) due to the symmetry of the canyon shape and the vertical incidence of the cylindrical waves. In the range of −1 ≤ x 1 /b ≤ 1 is the Vshaped canyon. There are two scattered waves marked by SM1 and SM2, which originate from the left and the right upper corners of the canyon, respectively. They propagate along the canyon surface, reach the canyon bottom at about t = 11.0. The scattered waves SM1 and SM2 seem to cross each other at the canyon bottom. In fact, however, the scattered waves SR2 and SL2 are generated from the bottom of the canyon because of the scattered waves SM1 and SM2. This is why the amplitudes of the scattered waves SL2 and SR2 are smaller than those of SL1 and SR1, which are generated due to the wave D1 directly. Fig. 7 are given to reveal the underground scattering characteristics of the cylindrical SH wave and further illustrate the ground motions in Fig. 6 . The snapshots are computed for a mesh with 81 × 41 equally spaced receivers located within the rectangle of −4 ≤ x 1 /b ≤ 4, 0 ≤ y 1 /b ≤ 4. Fig. 7 shows the wavefields at six specified times from 9.5 to 13.0 and illustrates the process of the cylindrical wave propagating and scattering around a symmetrical V-shaped canyon. From Fig. 7(a) , one can identify a train of direct waves denoted by D1 and it arrives at the canyon bottom when t = 9.5. The reflected wave R1 from the walls of the canyon can be seen in Fig. 7(b) . Fig. 7(d) shows that the left upper corner of the canyon induces the scattered waves SL1 and SM1, and the right upper corner of the canyon generates the scattered waves SR1 and SM2. The scattered waves SL2 and SR2 appear in Fig. 7 (e) after the waves of SM1 and SM2 encountering the canyon bottom. In a word, the left upper corner, the right upper corner and the bottom of the canyon act as new sources and continuously produce scattered waves when the direct wave and the wave reflected by the horizontal ground surface encounter the V-shaped canyon.
Snapshots in
The maximum oscillation of surface displacements in the timedomain results of Fig. 6 occurs near the left and right upper corners (x 1 /b = ± 1) of the V-shaped canyon. This amplification of seismic waves is due to the constructive interference of the direct wave D1 and the reflected wave R1 by the canyon walls (see Fig. 7b ), and the constructive interference of the direct wave D1 and the scattered wave SL1 or SR1 (see Fig. 7c ). The minimum oscillation of surface displacements in these time-domain results occurs at the bottom (x 1 /b = 0) of the canyon due to the destructive interference (see . This is in accordance with the frequency-domain results for canyons of the same shape (Figs 3a and 4a) .
Figs 8 and 9 show the time-domain results for the wave source located at (x 0 /b, y 0 /b) = (−5, 5). There are three scattered waves SL1, SL2 and SL3 on the illuminated side ground surface (−4 ≤ x 1 /b ≤ 0), while only the scattered wave SR1 appear on the shaded side ground surface (0 ≤ x 1 /b ≤ 4). The scattered waves marked by SL1 and SR1 originate from the left upper corner of the canyon (Figs 8 and 9b ). The scattered waves SL2 and SL3 originate from the bottom and the right upper corner of the canyon, respectively (Figs 8 and 9c and d) .
The maximum oscillation of surface displacements in Fig. 8 takes place near the left upper corner (x 1 /b = −1) of the canyon at about t = 7.0. This amplification of seismic waves is because of the constructive interference of the reflected wave R1 and the scattered wave SL1 (Fig. 9b ). There is a zone of deamplification of seismic waves in the range of 0 ≤ x 1 /b ≤ 2 due to the shielding effect provided by the canyon (Fig. 8) . 
C O N C L U S I O N S
A novel series solution of wave functions for the cylindrical SH wave scattering induced by a symmetrical V-shaped canyon has been derived. The near-source topographic effects are studied systematically by the wave function expansion method for the first time. The results in the frequency domain show that the location of the source of incident waves has an important role in topographic effects. The source affects the amplification pattern of surface displacements through the source distance and the incident angle of waves. The curve of normalized surface displacement amplitudes oscillates more frequently as the source becomes further from the canyon, and the amplitude of this oscillation alters as the source location changes. This means that if the source-to-canyon distance increases, there will be more amplifications and reductions within a certain area on the ground surface. In other words, whether the seismic response at a given site is amplified or not depends on the source location. It is observed that the maximum surface displacement amplitude can take place at some distance away from the canyon for the vertical incidence of seismic waves. In addition, results in the time domain show the reflection and diffraction of cylindrical waves, enhancing our understanding about near-source topographic effects.
This study extends the usage of the method of separation of variables to the scattering problem for a line source of cylindrical waves. The presented method has been validated by degenerating to the free field case, and it can be used to test the accuracy of other methods. The model and formulations presented here could open new possibilities for further developments towards applications to near-source amplification effects induced by other topographies or sites.
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